Background The mechanism of the alterations in the pattern of left ventricular (LV) filling during the development of congestive heart failure (CHF) is not fully understood.
Methods and Resul We studied six conscious dogs instrumented to measure LV and left atrial (LA) pressures and LV volume as CHF was induced by rapid pacing. Diastolic filling dynamics were serially measured over 4 weeks during normal sinus rhythm. Four days after we initiated pacing, the peak early diastolic filling rate decreased from 108±24 to 88±27 mb/s (P< .05) as the maximal early diastolic LA-LV pressure gradient decreased associated with a slowing of the rate of LV relaxation. Subsequently, the peak early filling rate progressively increased, returning to control at 1 week, and by the fourth week, it had increased to 168±39 mL/s (P<.05). These changes in early filling rates occurred as the maximal early diastolic LA-LV pressure gradient increased in association with a progressive increase in LA pressure despite further progressive slowing of the rate of LV relaxation. Throughout the development of CHF, peak early filling rate and the maximal LA-LV pressure gradient correlated (r=.99, P<.001). The early filling deceleration rate increased and deceleration time progressively decreased over the 4 weeks as LV stiffness and net LA plus LV stiffness increased (P<.05). As predicted by a theoretical analysis, the deceleration time was linearly related to the reciprocal of the square root of LV stiffness (r=.94, P<.01).
Conclusions Early in CHF, slowing of LV relaxation reduces the maximal early diastolic LA-LV pressure gradient, decreasing the peak early filling rate. As CHF progresses, this is overcome by an increase in LA pressure that augments the early diastolic LA-LV pressure gradient, increasing peak early filling rate. Increasing LV stiffness during the development of CHF progressively shortens the early filling deceleration time and augments the early filling deceleration rate. These observations suggest that the early filling deceleration time reflects LV stiffness. (Circulation. 1994; 89:2241 -2250 Key Words * heart failure * diastole * valves T he pattern of left ventricular (LV) filling determined by Doppler echocardiography or radionuclide angiography is used to noninvasively evaluate LV diastolic performance. Interpretation of these observations requires an understanding of the mechanism of both the normal and the abnormal patterns of LV filling.
The LV fills in diastole in response to the pressure gradient from the left atrium (LA) to the LV. [1] [2] [3] [4] [5] This occurs at two times during the cardiac cycle: early in diastole after mitral valve opening and late in diastole during atrial systole. Normally, the majority of filling occurs early in diastole as LV pressure falls below LA pressure. The magnitude of this early filling is influenced by the rate of relaxation and elastic recoil of the LV, the LA pressure, and the pressure-volume characteristics of the LV and the LA.2-6 Late in diastole, atrial contraction again produces a gradient to propel blood from the LA to the LV.
The normal pattern of LV filling is altered in congestive heart failure (CHF).7-11 Early in CHF, the amount and rate of early filling are reduced, and the relative importance of filling during atrial contraction is en-pacing and to evaluate the new prediction of the relation between the tdec and LV stiffness.
Methods Instrumentation
Six healthy mongrel dogs weighing between 23 and 35 kg were instrumented. Anesthesia was induced with Xylazine (2.0 mg/kg IM) and sodium pentobarbital (6 mg/kg IV) and maintained with halothane (1% to 2%). The 
Experimental Protocol
Data were recorded with unsedated animals lying quietly in a sling. Control data were acquired after full recovery from the surgical instrumentation before initiating pacing. Pacing was then started at 200 to 230 beats per minute to produce CHF. 17 To record data, we turned off the pacemaker transiently during the first week of pacing (4±2 days) and then after approximately 1, 2, 3, and 4 weeks of pacing. Before we acquired data, each animal was allowed to stabilize for 30 minutes with the pacer turned off. After the data were recorded, the pacing was reinstituted.
Effect of Heart Rate
To investigate the effect of the heart rate changes during the development of CHF on LV filling dynamics, we studied six additional animals without CHF with similar instrumentation. Data were acquired at rest, and then the heart rate was increased by atrial pacing to approximately 140 beats per minute. The animals were allowed to equilibrate for approximately 5 minutes, and the data were acquired.
Postmortem Evaluation
At the conclusion of the studies, the animals were killed with an overdose of pentobarbital, and the hearts were examined to confirm the proper positioning of the instrumentation.
Data Processing and Analysis
The stored digitized data were analyzed by a computer algorithm developed in '6.18-20 Ventricular filling patterns were measured using the time derivative of LV volume (dV/dt).317 The characteristics of these patterns were evaluated by determining the maximal rates of early diastolic LV filling (peak E) and atrial filling (peak A). The deceleration time of early diastolic LV filling (tdm,) was defined as the time interval between the maximal rate of early diastolic LV filling and the zero intercept of the deceleration slope (Fig 1) . When atrial filling occurred before early diastolic LV filling decelerated to zero line, the slope was linearly extrapolated to the zero line to obtain tdC. The deceleration rate of early diastolic LV filling (EDR) was calculated as peak E divided by tdec (Fig 1) . P=PAe-t/T+PB where t is the time from end ejection, T is the exponential time constant of relaxation, and PA and PB were constants determined by the data. The time constant was also calculated without an asymptote (PB). The time derivatives of LV pressure and volume were calculated using the five-point Gaussian technique23
The LV isovolumic relaxation time (IVRT) was measured as the time interval from aortic valve closure, indicated by peak negative dP/dt, to mitral valve opening.
Statistical Analysis
Changes in the variables during the development of CHF were assessed using repeated-measures ANOVA. If significant differences were present, paired comparisons between values at control and values after pacing were performed using the Student-Newman-Keuls test. A probability level of P<.05 was accepted as significant. Values are expressed as mean±SD.
Results
Hemodynamics Consistent with our previous study,3 4 weeks of pacing produced severe CHF with clinical evidence of pulmonary congestion and ascites. LV end-diastolic pressure progressively increased from 9.8+4.6 mm Hg at control to 34 development of CHF, the time constant of LV relaxation and the isovolumic relaxation time (IVRT) lengthened; however, these changes were not significantly correlated (Fig 6) . LA pressure during early filling deceleration is an important determinant of the rate and time for the deceleration.13,14.24 Thus, we examined LA pressure during this period (Fig 7) . LA pressure remained constant during the first quarters of the flow deceleration period at all stages of CHF. At the end of the period, it increased slightly but significantly. We used this observation in the theoretical analysis contained in the "Ap- Effect of Heart Rate During the development of CHF, the heart rate increased from 114±10 to 136±13 beats per minute. A similar increase in heart rate produced by atrial pacing (Table 4 ) before development of CHF produced decreases in the time constant of LV relaxation, minimal LV pressure and mean LA pressure, but did not significantly alter the maximal early diastolic LA-LV pressure gradient, peak E, or tdcc.
Discussion
We measured LV and LA pressures and LV volume and calculated LV and LA stiffness during the development of CHF produced by rapid pacing in awake, unsedated dogs. These observations demonstrate the mechanism of the alterations of LV filling that occur during the development of pacing-induced CHF and suggest a method to estimate LV stiffness from the early filling deceleration time.
After 4 days of rapid pacing, there had been little change in LV end-diastolic volume or pressure or LA pressure. Even though there was little evidence of CHF, the pattern of LV filling had been altered with a decrease in the peak early filling rate and a compensatory increase in the rate of diastolic filling during atrial contraction, similar to that seen in patients with mild diastolic dysfunction. 5, 7, 8, 12 This decreased peak rate of early filling was associated with a decreased maximal early diastolic LA-LV pressure gradient. Throughout the entire course of CHF, we found that the peak early filling rate closely correlated with the maximal LA-LV pressure gradient, confirming the role of this pressure gradient in determining the peak early filling ratel7,25 (see Fig 3) . The decreased early diastolic LA-LV pressure gradient seen after 4 days of pacing was the result of increased minimal LV pressure associated with a slowed rate of LV relaxation while LA pressure was unchanged. After 1 week of pacing, the animals had begun to show early evidence of CHF, with moderate increases in LA pressure and LV volume. The peak early diastolic filling rate had returned to the pre-CHF control level. In clinical Doppler studies, this pattern of LV filling has been called "pseudonormalization."7 8 The return of the peak early filling rate to the normal control level was due to the restoration of the LA-LV pressure gradient to the baseline level. This resulted from an increase in LA pressure that had more than outweighed the continued slowing of the rate of LV pressure decrease and the increase in minimal LV pressure.
After 4 weeks of pacing, the animals had evidence of severe CHF with markedly increased LA and LV enddiastolic pressures and increases in LV volume. The filling pattern in these animals with severe CHF was (Fig 7) , and the effective LA stiffness as seen by the LV is very low. Later during flow deceleration, LA pressure increases, despite continued filling of the LV, due to pulmonary venous inflow. Our theoretical analysis (see "Appendix") predicts that the early filling deceleration time should be proportional to the inverse of the square root of the LV stiffness: 1/(V/i4). As opposed to the analysis of early flow deceleration time may be an indicator of LV stiffness that is measurable from LV filling dynamics. Clinically, diastolic filling patterns are assessed by measuring mitral valve flow velocity using Doppler echocardiography. In this study, we measured the rate of change of LV volume (dV/dt), which is the same as mitral valve flow. Flow velocity is equal to the flow (dV/dt) divided by the mitral valve area. Because this area remains relatively constant during diastole, the patterns of flow we observed in this study are similar to flow velocity patterns observed with Doppler echocardiography. The mitral valve area may increase during the development of CHF, altering the relation between flow velocity and flow. Importantly, tdec should be similar whether it is determined from flow or flow velocity.
The isovolumic relaxation time (IVRT), which also can be clinically measured from Doppler echocardiography, has been proposed as an index of the rate of LV relaxation. The IVRT tended to increase during the development of CHF; however, consistent with previous observations,27 it did not closely correlate with the rate of LV relaxation.
We determined LV stiffness from the slope of mid and late diastolic portions of the LV pressure loop, beginning at the time of minimal LV pressure, when LV relaxation is nearing completion. This period spans the time of flow deceleration. LV There are several other methodological issues to consider. First, we used endocardial diameter gauges to measure LV volume. This technique has been extensively validated in past studies and accurately reflects LV volume under a wide variety of normal and pathological conditions. We have further evaluated the effect of shape changes by assessing the constancy of calculated LV volume during isovolumic relaxation when actual LV volume is constant while LV shape changes. Because LV volume, calculated by our method, changes by only 1.6+0.4% during this period, it appears that this method is insensitive to changes in LV shape. 25 However, the accurate measurement of LV volume using endocardial diameter gauges depends on proper alignment of the crystals, and some crystals may not be precisely placed at the endocardium, leading to errors in the estimation of absolute ventricular volume. This might explain the relatively low ejection fractions seen in our study and also have been reported in normal dogs by Rankin et a121 and Miyazaki et al.29 Although the instrumentation may produce some LV damage, thus potentially depressing LV performance, after recovery from the operation, the animals had good exercise tolerance, and the heart rate, LV pressure, peak (+)dP/dt, and cardiac output were within the normal Appendix By Newton's second law, the deceleration rate of early diastolic filling is equal to the force (F) applied to the blood divided by the mass (M) of the blood: (1) Deceleration Rate=F/M The force producing deceleration after peak early flow is the reverse pressure gradient across the mitral valve (PLv-PLA) multiplied by the mitral valve area (A). The mass of blood is determined by density of blood (p) multiplied by the volume of blood in the mitral orifice, which is given by the effective area (A) multiplied by the effective length (L). 13 (6) Early during the time of flow deceleration, pulmonary venous inflow is rapid, approximating mitral flow (dV/dt); thus, AVLA is small, and PIA is approximately constant (see Fig 7) . Thus:
PLV-PLA:KLV. AVLV We evaluated the integral at a point halfway to the midpoint of the deceleration curve. This point was chosen because the deceleration rate has reached a plateau and PLA has not begun to increase. At this point, approximating the dV/dt curve as a straight line: 7 AVLvf= dV/dt * dt=-E ' tdec (8) (9) Deceleration RateE/(tdec * A) where E is the maximal value of dV/dt.
Substituting and rearranging provides the following:
2-pL 1 tdec V 7-A /k Therefore, within the accuracy of the simplifying assumptions, this analysis predicts that the time for early filling deceleration should be inversely related to the square root of the LV stiffness. The proportionality constant depends on the viscosity of blood (p) and an anatomic factor, the ratio of the effective length to the effective area of the mitral valve apparatus.
